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ABSTRACT 


Conventional  damping  tapes,  consisting  of  one  or  more  adhesive 
layers  constrained  by  relatively  rigid  bands,  do  not  have  sufficient 
damping  for  many  applications.  Considerable  improvement  can  oe 
realized  in  a  multiple-band  configuration  in  which  alternate  bands 
are  rigidly  anchored  on  opposite  sides  of  the  configuration.  The 
energy  dissipation  in  sucn  a  configuration  is  analyzed  considering 
both  short  (rigid)  bands  and  long  (elastic)  bands.  General  rela¬ 
tions  are  derived  between  the  configuration  properties  (in  terms 
of  the  equivalent  elastic  modulus  E_  and  the  effective  loss  modulus 
E^)  and  a  parameter  which  includes  ethe  material  properties  and  the 
configuration  geometry.  Test  configurations  were  made  and  tested. 
Experimental  results  are  in  excellent  agreement  with  the  theory. 

Both  the  theory  and  experimental  results  Indicate  that  this  new 
configuration  is  capable  of  dissipating  very  large  damping  energy, 
significantly  higher  than  conventional  surface  treatments. 
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symbols 


a  dimensionless  parameter,  which  depends  on  the  ratio 

2  2  2 

of  adhesive  stiffness  to  band  -^irfness ,  »  G  £  / E' t  m 

a  dimensionless  parameter  =  |g*I  •£2/E2t2m 

unit  damping  energy  dissipation  in  a  material 
(in.-lb./cu.  in. -cycle) 

total  damping  energy  dissipation  in  the  surface  treat¬ 
ment  or  configuration  (in.  lbs/cycle) 

total  damping  energy  dissipated  in  band-adhesive  unit 
(in. -lb. /cycle) 

value  of  Dj  for  band-adhesive  unit  having  rigid  bands 

modulus  of  elasticity  of  the  band  material  (psi) 

complex  modulus  of  elasticity  of  the  band  (psi) 

storage  (elastic)  modulus  of  elasticity  or  Young's 
modulus  of  band  (psi) 

loss  (out-of-phase)  modulus  of  elasticity  (psi) 

E'  +  i  E" 
e  e 

equivalent  complex  modulus  of  elasticity  of  the  configu¬ 
ration  (psi) 

equivalent  storage  modulus  of  elasticity  of  the  configu¬ 
ration  (psi) 

equivalent  loss  modulus  of  the  configuration,  the  loss 
modulus  of  an  equivalent  uniform  material  which  dissipate 
same  energy  (psi) 

complex  modulus  of  rigidity  for  a  viscoelastic  adhesive 
(psi) 

storage  (elastic)  modulus  of  rigidity  (psi) 
loss  (out-of-phase)  modulus  of  rigidity  (psi) 
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cosh  a  cos  3 
w  w 

cosh  a  r-  cos  3  £ 


k  ’ 
jra 


=  kj  +  i  kV 

=  complex  modulus  of  the  band-adhesive  unit  (lb. /in.) 

=>  the  elastic  modulus  (ratio  of  in-phase  component  of  the 
force  to  the  displacement)  of  the  band-adhesive  unit 
(lb. / in. ) 

=  the  loss  modulus  (ratio  of  out-of-phase  component  of 
the  force  to  displacement)  of  the  band-adhesive  unit 
( lb . / in .  ) 

k  j  rb  ’  and  kVrk  are  moduli  for  band-adhesive  units  having 
rigid  (inextensible)  bands 

*  value  of  k!  for  band-adhesive  unit  having  a  rigid  ad¬ 
hesive  layer 

=  k1  +  i  k" 
c  c 

=  complex  modulus  of  the  configuration  (lb. /in.) 

Note:  k’  and  k"  definition  like  those  for  k'  and  kV . 

c  c  j  J 

*  length  of  a  lap  joint  (in.) 

=  distance  between  effective  fixed  points  on  ends  of 
configuration 

»  thickness  of  adhesive  (in.) 


a  R  -  3  S 
w  w  w  w 


a  sinh  a,  cos  3-3  cosh  A  sin  3 
W  WWW  w  w 


a  R  -  3  S  =  a  sinh  a  cos  3  -  3  cosh  a  In  3 

number  of  band-adhesive  units  in  a  configuration 

ct  S  +  3ttR  =»  a  cosh  a  sin  3  +  3„  sinh  C  cos  3 

w  w  w  w  w  w  w  w  w  \ 

a  S  +  3  R  =  a  cosh  a  sin  3+3  sinh  a  cos  3 


Pa  *  amplitude  of  sinusoidal  force  (lb.) 

a 

Pj  "  force  in  a  band-adhesive  unit  (lb.) 
%  m  si^h  aw  sin  3W 

Qx  “  sinh  a  ^  sin  3  ^ 
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sinh  a  cos  £ 
w  w 

sinh  a  cos  3 

cosh  a  sin  3 
w  w 

cosh  a  sin  3 
time  (sec.) 

thickness  of  adherend  of  modulus  E-^  (in.) 

thickness  of  adherend  of  modulus  E2  (in.) 

(W4  -  2W2  +  2)  Jw  +  (W2  -  l)(Mwf  2) 

2 

special  value  for  Tw  when  W  is  2 
2  cosh  a  cos  3  4-  M  +  2 

(W4  -  2W2  +  2)  Qw+  (W2  -  1)  Nw 

special  value  for  Vw  when  is  2 
2  sinh  a  sin  3  +  N 

a  convenient  grouping  of  parameters  *=  1  +  E2t2/E-^t^ 
displacement  in  the  band-adhesive  unit  (in.) 

WB  cos  6/2 

2 

special  value  for  a  when  W  is  2 

w 

fl.  B  cos  6/2 
WB  sin  6/2 

2 

special  value  for  3w  when  W  is  2 
S7  B  sin  6/2 


shear  displacement  in  anelaeti'c  adhesive  at  any 
position  x  (in.) 

*  at  x  =  0 

X 

phase  angle  by  which  the  cyclic  strain  vector  lags  behind 
the  cyclic  stress  vector  during  sinusoidal  loading  of  a 
viscoelastic  material  =  the  loss  angle 

shear  stress  in  adhesive  (psi) 

shear  strain  in  adhesive 

amplitude  of  sinusoidal  stress  cycle 

frequency  (radians  per  second) 

loss  coefficient  of  the  band-adhesive  unit 
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I.  INTRODUCTION 


High  damping  is  often  required  in  structural  and  machine  members, 
particularly  for  those  subjected  to  near-resonant  excitation.  In 
some  cases  high  inherent  damping  in  a  structure  can  be  attained  by 
proper  choice  of  materials  9r  by  design.  In  most  cases,  however, 
criteria  other  than  damping  generally  determine  material  selection 
and  design.  Often,  therefore,  other  means  must  be  found  for  in^reqs- 
ing  damping.  One  method  for  accomplishing  this  is  to  utilize  surface 
treatments  which  contain  high  damping  viscoelastic  adhesives. 

In  general,  two  types  of  surface  treatments  have  been  used  for 
increasing  the  damping  of  a  member.  One  is  the  viscoelastic  coating, 
mastic  or  free  layer  (1,2,3)  adhered  to  the  surface,  so  that  under 
cyclic  loading  the  coating  is  subjected  to  the  cyclic  normal  strains 
at  the  surface  of  the  member.  The  second  type  is  damping  tape  consist¬ 
ing  of  a  viscoelastic  damping  adhesive  and  a  constraining  metal  band 
which  produce  shear  stress  in  the  adhesive  when  the  member  surface  to 
which  it  is  attached  is  subjected  to  normal  strains  (2,3,4).  In 
general,  constrained  layer  or  damping  tape  treatments  are  capable  of 
higher  damping  than  coating  treatments  (2,5,6). 

A  single  sucl}  conventional  damping  tape  often  provides  insuffi¬ 
cient  damping.  For  high  damping  multiple  tapes  such  as  shown  in 
Figure  1  are  sometimes  employed.  The  surface  treatment  consists  of 
several  layers  (four  are  shown  in  Figure  1)  each  having  a  thin  metal 
band  ("b"  in  Figure  la)  and  a  viscoelastic  adhesive  (shaded  regions 
"a"  in  Figure  la)  which  serves  as  the  damping  medium.  For  clarity  in 
the  Figure,  the  thickness  in  each  band  and  of  the  adhesive  layer  is 
greatly  exaggerated  (normally  they  are  a  few  thousandths  of  an  inch 
thick).  When  the  structural  member  is  subjected  to  axial  or  bend¬ 
ing  load,  normal  strain  is  produced  in  the  surface.  This  causes 
shear  in  the  constrained  viscoelastic  adhesives  as  shown  in  Figure  lb. 
Under  cyclic  loading  the  adhesive  layers  are  subjected  to  cyclic 
shear  and  they  dissipate  energy.  Unfortunately,  however,  each  succes¬ 
sive  band  (No.  2,  3,  4,  etc.)  becomes  less  effective  since  the  cyclic 
shear  strains  in  the  viscoelastic  adhesive  become  progressively  smal¬ 
ler  (c  >  d  >  e  >  f,  etc.).  As  a  result,  the  additional  damping  rea¬ 
lized  by  adding  bands  is  generally  limited.  In  £**ct.  damping  of  mul¬ 
tiple  tapes  is  approximately  equal  to  that  of  a  single  adhesive  layer 
constrained  by  a  metal  band  having  a  thickness  equal  to  the  sum  of  the 
individual  band  thicknesses  (2). 

Since  conventional  surface  treatments  do  not  provide  sufficient 
damping  for  many  types  of  applications,  several  new  types  of  surface 
treatments  have  been  developed  (2,7,8).  However,  these  new  configura¬ 
tions  are  generally  more  complex  and  costly  than  the  conventional 
treatments,  generally  more  than  can  be  justified  by  the  higher  damping 
realized. 
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A  new  type  of  multiple -band  configuration  for  providing  high 
damping  in  a  surface  treatment  is  described  in  this  report,  one 
which  overcomes  many  of  the  limitations  in  prior  treatments.  The 
stress,  strain,  and  damping  analysis  of  this  configuration  and  veri 
fying  experimental  data  are  presented  to  demonstrate  the  high  damp¬ 
ing  capacity  of  this  new  configuration. 


II.  alternately  anchored,  multiple- band  treatments 


One  form  of  the  new  configuration  is  shown  in  Figure  2.  Alter¬ 
nate  bands  are  anchored  on  opposite  ends  of  the  configuration;  that 
is,  bands  1,  3,  and  5  are  rigidly  attached  to  the  structural  member 
at  location  "pr'  (left  side  of  surface  treatment),  and  bands  2,  4, 
and  6  are  attached  at  location  "q"  (right  side).  The  viscoelastic 
adhesive  (shaded  regions)  joins  adjacent  bands  and  provides  the  means 
for  dissipating  energy.  The  bands  and  adhesives  are  generally  only 
a  few  thousandths  of  an  inch  thick  (thickness  greatly  exaggerated  in 
Figure  2),  thus  many  layers  can  be  included  in  the  configuration. 

Under  cyclic  axial  or  flexural  loading  the  adhesive  Is  subjected 
to- cyclic  shear  (Figure  2b  shows  flexure  loading).  For  this  confi¬ 
guration,  and  unlike  the  multiple  conventional  damping  tapes  shown  in 
Figure  1,  the  shear  strain  in  successive  adhesive  layers  is  essential¬ 
ly  the  same  irrespective  of  the  number  of  layers.  Thus,  the  damping 
of  this  surface  treatment  Is  approximately  proportional  to  the  number 
of  bands ,  and  is  not  limited  in  a  manner  observed  for  conventional 
multiple- band  tapes.  Therefore,  the  damping  provided  by  the  treatment 
can  in  theory  be  increased  to  the  desired  value. 

The  configuration  shown  in  Figure  2  is  suitable  for  beams  or 
other  members  having  uniaxial  stress.  Studies  are  now  in  progress 
on  biaxial  stress  configurations  for  panels,  plates,  etc. 

The  alterhately  anchored  band  treatment  has  one  disadvantage  com¬ 
pared  to  the  conventional  damping  tapes.  Whereas  in  the  conventional 
tapes  the  viscoelastic  adhesive  provides  a  means  for  attaching  the 
surface  treatment  to  the  structural  member,  in  the  nr*-:  configuration 
the  bands  must  be  rigidly  anchored  (using  structural  adhesives  or 
other  means  of  attachment)  to  the  member  at  locations  "p"  and  "q”. 

The  resultant  stress  concentrations  at  the  attachment  locations  may  re¬ 
quire  attention. 


III.  THE  BAND-ADHESIVE 'UNIT  AND  ITS  PROPERTIES 


3.1  Definition  of  Band-Adhesive  Unit  and  Assumptions. 

Several  bands  and  adhesive  layers  near  band  "j"  located  within 
the  configuration  are  shown  in  Figure  3a.  The  entire  configuration  may 
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be  considered  to  consist  of  band- adhesive  units  like  the  one  indi¬ 
cated  by  the  dashed  line  in  Figure  3a  and  shown  in  Figure  3b.  If 
all  bands  and  adhesive  layers  have  the  same  geometry  and  properties 
(in  Figure  4a,  -  E^  C1  “  t2»  sn<*  b  and  m  are  same  £°r  all 

layers*),  then  the  band-adhesive  unit  lies  between  the  midplanes  of 
adjacent  bands.  If  band  thickness  is  "t"  (see  Figure  3a),  then  each 
band  in  the  band-adhesive  unit  is  t/2  thick  (see  Figure  3b).  Under 
these  circumstances  all  units  are  identical. 


If  band  and  adhesive  geometry  or  properties  varies  with  position 
j,  then  it  becomes  more  difficult  to  define  each  unit.  As  a  first 
approximation  a  unit  might  be  considered  to  extend  between  planes  of 
zero  shear  of  adjacent  band.  In  principle,  therefore,  it  is  possible 
to  separate  a  configuration  having  unequal  bands  and  adhesives  into 
its  component  band-adhesive  units,  not  all  of  which  are  necessarily 
equal. 


The  entire  configuration  contains  n  units  (total  number  of 
bands  is  n,  with  n/2  mounted  on  each  side,  and  the  total  number  of 
adhesive  layers  is  n) .  In  general,  the  properties  of  the  entire  con¬ 
figuration  may  be  determined  from  the  properties  of  the  band-adhesive 
units  by  a  simple  summation  process.  For  example,  total  damping  Dc 

of  the  configuration  can  be  determined  from  tne  damping  D,  of  band- 
adhesive  unit  from:  J 

n 

Dc  *  2  Dj  (3.1) 

j-1 


And  if  all  band- adhesive  units  are  equal, 


then: 


This  section  is  concerned  with  the  analysis  of  the  band-adhesive  unit 
and  the  entire  configuration  consisting  of  many  such  units  is  con¬ 
sidered  in  Section  IV. 


The  following  assumptions  are  made  i.i  the  analyses  which  follow. 

(.1)  Bands  and  adhesive  are  very  thin.  Thus: 

(a)  Bending  effects  in  individual  bands  and  adhesive 
layers  can  be  neglected. 

(b)  The  adhesive  layer  is  subjected  to  pure  shear 
only  (tension  effects  negligible). 

(c)  The  bands  are  subjected  to  pure  tension  only 
(shear  effects  negligible) . 

°)  The  viscoelastic  adhesive  properties  and  the  strain 
amplitudes  considered  are  such  that  the  damping  re¬ 
mains  linear  (9).  Under  these  circumstances  complex 

^  See  List  of  Symbols  at  beginning  of  report. 
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(3.3) 


T 


notation  may  be  used  to  specify  the  unit  properties 
of  the  adhesive  material  in  terms  of: 


G'  Y 


G*  -  G'  +  i  G"  (3.4) 

The  damping  energy  dissipated  per  unit  volume  of 
adhesive  material  (in  the  linear  range)  is: 

D  -  tt  G"  Y I  (3.5) 

(3)  The  thickness  of  the  adhesive  layer  remains 
constant . 

(4)  The  bands  are  elastic  and  dissipate  no  energy 
(E"  -  0  and  E  -  E*  -  E') . 

(5)  Poisson  ratio  effects  are  neglected  and  the  one¬ 
dimensional  problem  only  is  considered. 

‘The  geometry  and  materials  used  in  practical  configurations  and  the 
large  number  of  bands  included  generally  justify  these  assumptions. 

The  significant  properties  of  the  band-adhesive  unit  can  be  speci¬ 
fied  in  terms  of  the  relations  between  the  force  Pj  and  the  displace¬ 
ment  Xi  shown  in  Figure  3b.  Since  linear  materials  (in  the  viscoelas¬ 

tic  sense)  are  assumed,  complex  notation  is  appropriate  and  the  proper¬ 
ties  of  the  band-adhesive  unit  may  be  defined  as: 

kj  -  kj  +  i  k"  (3.6) 

The  loss  coefficient  of  the  unit  is: 

flj  -  kj'/kjj  (3.7) 

The  damping  energy  dissipated  per  cycle  of  displacement  amplitude  X 
or  per  cycle  of  force  amplitude  Pa  is:  a 

VnS^'"|  Pa  -  "  pa  <3-8> 

3.2  Theory  and  Experimental  Results  for  Band- Adhesive  Unit  Having 
Unequal  Bands  (Width  Constant). 

For  generality  we  consider  first  the  case  of  unequal  bands  hav¬ 
ing  thickness  t^  and  t2  and  stiffness  E^  and  E2  as  shown  in  Figure  4a. 

The  two  bands  are  connected  by  a  layer  of  adhesive  of  thickness  "m". 

In  this  section  we  consider  two  cases  (a)  an  elastic  adhesive  havhg 
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a  conventional  shear  modulus  ((?'  *  0  and  G  *  G*  *  G’),  and  (b)  a 
viscoelastic  adhesive  having  a  loss  coefficient  G". 

3.2a  Limiting  Cases. 

As  the  first  limiting  case  we  consider  bands  that  are  rigid 
or  inextensible  in  comparison  to  the  adhesive  layer  (E  is  infinitely 
large,  yet  bands  are  still  assumed  to  be  flexible  in  bending) .  Under 
these  circumstances  the  shear  strain  in  the  adhesive  layer  is  uniform. 
If  the  dimensions  of  the  adhesive  layer  are  m,  b,  and  t  as  shown  in 
Figure  4,  the  relationship  between  the  unit  properties  of  the  adhesive 
and  the  properties  of  the  band-adhesive  unit  having  rigid  bands  (sub¬ 
script  "rb"  added  to  designate  "rigid  band"  theory)  are: 

kjrb  “  G*  (l  b/m) 

kjrb  “  G'  b/m) 

kjrb  *  G"  b/m>  <3'9) 

D.  ,  -  tt  k1.1  ,  X2  -  tt  — P2 

jrb  jrb  a  .,2  a 

jrb 

As  a  second  limiting  case  we  consider  the  adhesive  layer  to  be 
very  rigid  (G'  ■  00  and  G"  ■  0)  compared  to  the  bands.  Under  these 
circumstances  the  properties  of  the  band-adhesive  unit  are  simply 
those  of  a  band  having  a  thickness  equal  to  t^  +  t ^  and  a  length 

Using  the  subscript  "ra"  to  designate  the  "rigid  adhesive"  theory: 

kjra  "  E  b(t1+t2)M  (3.10) 

3.2b  Unit 8  Having  Elastic  Band  and  Elastic  Adhesive. 

In  most  practical  applications  significant  strain  occurs  in  the 
bands  and  adhesive.  Thus,  neither  the  rigid  band  theory  (and  the  as¬ 
sociated  uniformity  of  shear  strain  in  the  adhesives)  nor  the  rigid 
adhesive  theory  described  above  is  appropriate.  We  discuss  first  the 
case  of  -the  elastic  bands  (E"  ®  0  and  E*  *  E1  **  E)  and  elastic  adhe¬ 
sive  (G"  *  0  and  G*  *  G’  ■  G) . 

The  elastic  constant  of  the  unit  is  k.  ■  ?./X.,  where  the  dis- 

J  J  J 

placement  caused  by  force  P.  is,  from  Figure  4b: 


Xj-to+ejL  (3.11) 

where  ♦  _  -  (*)  ■  shear  displacement  in  the  adhesive  at  x  =  0-(in.) 

0  xx«0 

e^  *  total  extension  in  band  1.  (in.) 
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The  valued  of  tQ  and  are  derived  below. 

The  shear  displacement  t  in  the  adhesive  at  section  x  is 

(10,11)  8 

*x  '  Wblg'slnh  WA  [(M2-DcoSh(WA  f)  +  cosh  WA  <1  -  £)] 
where:  A 2  *  G  -t2/E2t2m 

“  dimensionless  ratio  of  adhesive  stiffness  to  band 
stiffness 

W2  -  (E1t1  +  E2t2)/E1t1  . 

And  at  x  «  0  the  shear  displacement  is: 

P  Am 

*o  "  ^x^x-0  “  m^Tilnl TRS  [<  W2-l)  +  cosh  WA 


(3.12) 

(3.13) 

(3.14) 


(3.15) 


.To  determine  we  consider  the  force  Px  at  section  x  in  band  1. 


lx 


"  |*  b  Tx  (3.16) 

e:  Tx  *  t*ie  a<lhesive  shear  stress  at  any  position  x.=  G  <t<x/m. 

The  force  and  unit  strain  in  the  band  1  at  section  >:  are: 


lx 


*x  dx 


-  bG  r* 

m  l 


*  lx  "  ^t'm" 


♦x  dx  * 


(3.17) 


(3.18) 


Substituting  for  *x  (Eq.  3.12)  and  integrating  from  0  to  x: 


elx"7 X 


W  b  ilnh  WA 

/ 

The  total  extension  e^  of  band  1  is: 


£(W2-1)  sinh  WA  j  -  sinh  WA  (1  -  £)  «-  sinh  WaJ 

(3.19) 


*lx  dx- 
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Substituting  Equation  (3.19)  and  integrating: 

(W2-!)  m  Pj  A 

e-,  -  -n - [(^-2)  (cosh  WA-1)  +  WA  sinh  Wa]. 


?bt 


G  sinh  WA 


(3. 


on 

4.V 


Substituting  Equations  (3.20)  and  (3.15)  in  (3.11)  the  total  or 
overall  extension  of  the  band- adhesive  unit  (see  Figure  4b)  is: 


[(w4“2W2+2)cosh  WA  +(W2-1)  (2  +  WA  sinh  WA)] 


W  b  E2t2  WA  sinh  WA 


(3.21) 


Thus  the  elastic  constant  of  the  completely  elastic  band-adhesive 
unit  (kj1  «  0  and  )  is: 

W 2  b  E2t2  WA  sinh  WA 

<-  [«*  -  2W2+2)  cosh  WA  +  (W2-l)  (2  +  WA  tinh  WA)j 


(3.22) 


3.2c  Unit 8  Having  Elastic  Bands  and  Viscoelastic  Adhesives. 

We  consider  next  the  case  where  the  adhesive  layer  is  assumed  to 
be  viscoelastic  (G*  *  G*  +  i  GM) .  The  equations  for  this  case  can  be 
derived  by  proceeding  as  for  the  elastic  case  discussed  above  except 
by  replacing  the  conventional  elastic  modulus  G  by  the  complex  modulus 
G*  *  G  +  i  G  .  Defining  tan  5  *=  G'VG'  and  b2  »  '  g*  ^/E^m  the 

following  substitutions  can  be  made. 

-  I 

WA  -  vha  (cos  6/2  +  i  sin  5/2)  -  (&w  +  i  Pw) 
cosh  WA  *  cosh  aw  cos  @w  +  i  sinh  aw  sin  Pw  *  Jw  +  i 
sinh  WA  -  sinh  aw  cos  +  i  cosh  aw  sin  +  i  sw 

Using  these  substitutions,  Equation  (3.22)  becomes 

1  »„>  <V  1  V 


p* 


W2bE2t2 

— z — 


{(W^sA-l)  (Jw+iQ„)+(w2-1>[<V1Bw>  <VlSwH2J  } 


_  w2bE2c2  (y,  +  v„>  +  >■  < yw  -  w 


p-  + 

w 


(3.23) 


w 
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The  components  of  the  complex  modulus  can  be  determined  bv  equating 
the  real  and  Imaginary  parts  of  Equations  (3.6)  and  (3.23). 


k' 

kj 


kJ 


W2bE2t2 

<Vw  + 

W 

(T2  + 

v  w 

$ 

W2bE2t2 

- 

w 

l 

(T2  + 

x  w 

v2) 

w' 

ki  V,  *  Vw 

rr  rrm 

(3.24) 

(3.25) 

(3.26) 


3. 2d  Experimental  Results  and  Comparison  with  Theory. 

Test  results  by  Avery  (11)  on  a  number  of  double  unit  configura¬ 
tions  are  given  in  Figure  5  (schematic  diagram  of  test  set-up  is 
given  in  insert  in  Figure  5) .  Various  adherend  materials  and  thicknes¬ 
ses  were  used  to  adjust  the  values  of  E2t2  to  cover  the  range  between 

the  rigid  band  theory  (see  Eguations  3.9)  and  the  rigid  adhesive  theory. 
The  adhesive  used  was  3M  #466  (at  test  frequency  of  0.25  cyps.  G*  =  7 
and  tj  -  0.4).  All  test  data  are  for  W  «*  1  (E^t^  =  ®).  Avery's  test 

results  and  the  theoretical  curve  for  this  case  (sec  Equations  3.8, 

3.25  and  3.26)  are  compared  in  Figure  5,  using  parameter  B  as  a  basis 
for  comparison.  The  check  between  theory  and  the  experimental  data  is 
excellent  except  at  the  high  values  of  B.  In  the  rigid  adhesive  range 
(high  values  of  B)  highly  non- homogeneous  shear  occurs  in  the  adhesive 
(see  Figure  6c  for  case  cf  W-  »  2  as  example)  and  the  high  localized 
shear  in  the  adhesive  can  cause  adhesive  separation,  thus  reducing  the 
observed  damping. 


These  comparisons  are  made  on  the  basis  of  damping  at  a  specified 
force  amplitude,  in  which  case  dimensionless  damping  increases  with  B. 
If  comparisons  are  made  on  the  basis  of  damping  at  a  specific  dis¬ 
placement  (or  on  the  basis  of  dimensionless  loss  modulus)  as  discussed 
in  the  next  section,  a  decrease  is  observed  with  increasing  values  of 
parameter  B. 


3.3  Theory  of  Band-Adhesive  Unit  Having  Viscoelastic  Adhesive  and 
Equal  Bands  (W2  -  2) . 


If  the  bands  are  equal  (E^t-,  -  E2t2  “  E(t/2)  as  shown  in 

Figure  6),  then  W2  *  2.  Under  these  circumstances  it  can  be  shown 
(10)  that  the  shear  strain  in  the  adhesive  is: 


x 


P  m 

a 


0.71  B 

dTP 


A 

TI 


(3.27) 
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where  *  -  [a£  +  I*  +  2  <V*  +  W  +Jx+«x} 

n  -  [**  +  s2J 

Defining  trbf  as  the  uniform  shear  strain  displacement  for 
the  rigid  band  case  under  a  specified  force  amplitude  Pa, 

*  .  _  «  am  ,  and: 
rb- 

>'X,  f .  "  °*71  B  TT  (3 

Defining  f_bj  as  the  uniform  shear  strain  displacement  for  the 

rigid  band  case  under  a  specified  displacement  amplitude  X„  *=  P„/kl 
-  frM,  and:  a  a  j 


(3.28) 


TC  (0.71  B  £>  cos 

And  from  Equation  (3.2  7) 

.UL.)(^X)  cos  & 

frbd  \  Kjrb  J  \  f  rbf  J 


(3.29) 


(3.30) 


The  properties  of  the  band-adhesive  unit  in  terms  of  its  com¬ 
plex  moduli  and  its  loss  coefficient  can  be  determined  by  substituting 

W2  -  2  in  Equations  (3.24),  (3.25),  and  (3.26). 


.  ,  .  bEt  MT  -f  NV 

J  ^2  +  v2 


(3.31) 


bEt  NT  -  MV 


T  +  V' 


(3.32) 


V-srrw  <3*33> 

Curves  illustrating  the  shear  strain  distribution  for  a  parti¬ 
cular  case  0l  -  0.40  and  G*  “  7  psi)  for  three  values  of  parameter  B 
are  shown  in  Figure  6.  Distance  along  the  ordinate  scale  is  made 
proportional  to  the  fourth  root  of  the  ordinate  value  to  spread  out 
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curves  and  avoid  crowding  near  zero.  Both  the  specifier  force  ampli¬ 
tude  case  (tj-kp  and  the  specified  displacement  amplitude  cases 

(♦rbd)  are  illustrated. 


Under  a  specified  force  amplitude  (dashed  lines  in  Figure  6)  the 
localized  strain  at  the  ends  of  flexible  bands  may  be  much  larger  than 
for  the  rigid  band  case  (for  B  =  10  it  is  about  S3ven  times  as  large). 
Since  the  effective  strain  amplitude  from  a  damp  ng  viewpoint  is  the 


root-mean- square  strain  (D  a  v  ) ,  the  D.  of  the  extensible  band  con- 

figuration  is  larger  than  for  the  rigid  band  case  (see  Figure  9  dis¬ 
cussed  later). 


The  ratio  under  a  specified  displacement  amplitude,  can 

be  determined  from  ^  /i  by  using  the  multiplying  factor  k1. /k.l  as 

X  rDJL  J  J  ** 

shown  by  Equation  (3.30).  This  dimensionless  storage  modulus  is  never 
larger  than  unity  and  may  be  very  small  (see  Figure  7) .  As  shown  in 
Figure  6,  the  localized  shear  displacement  is  never  larger  than  that 
ih  the  rigid  band  and  is  generally  much  smaller.  Thus,  the  damping  is 
always  smaller  for  the  flexible  band  case  than  for  the  rigid  band  case, 
very  much  smaller  in  some  cases. 


The  general  damping  and  stiffness  properties  of  the  band-adhesive 
unit  are  defined  in  Equations  3.31,  3.32,  and  3.32.  The  important 
trends  revealed  by  these  equations  are  shown  graphically  in  Figvres  7, 
8,  9,  and  10  in  which  a  dimensionless  property  is  plotted  against  para¬ 
meter  B,  where  B  is  a  dimensionless  ratio  of  the  adhesive  stiffness 
to  the  band  stiffness. 


The  ordinate  used  in  Figure  7  is  the  storage  modulus  k!  of  the 

unit,  made  dimensionless  by  dividing  by  k!rb  of  the  rigid  band  unit. 

Up  to  a  value  B  of  approximately  0.3,  the  dimensionless  storage  modulus 
is  constant,  indicating  that  the  rigid-band  equations  are  appropriate 
in  this  region.  At  the  other  extreme*  at  values  of  parameter  3  greater 
than  5,  the  storage  modulus  is  equal  to  that  of  a  solid  member  without 
joints  (the  rigid  adhesive  region).  The  intermediate  region,  one  in 
which  many  practical  configurations  lie,  is  the  transition  region  be¬ 
tween  the  rigid  band  and  the  rigid  adhesive  behavior  and  includes 
characteristics  of  both  types. 

The  storage  modulus  is  not  only  dependent  on  parameter  B  but  aiso 
on  the  loss  coefficient  tj.  However,  h  does  not  affect  the  dimension¬ 
less  modulus  critically.  In  fact,  the  curves  for  t]  between  0  and  0.2 
are  practically  identical  as  hown  in  Figure  7,  and  the  curve  for 
h  ■  1.0  lies  about  30  per  cent  above  n  -  0.2  curve. 

The  loss  modulus  k!j  of  the  band-adhesive  unit,  made  dimensionless 
by  dividing  by  the  rigid- band  value  kVrb,  is  shown  in  Figure  8  as  a 
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function  of  parameter  B.  The  general  character  of  the  relationship 
shown  is  similar  to  that  for  the  storage  modulus  given  in  Figure  7 
and  a  rigid- band  region,  etc.  can  be  identified.  Since  kV  is  tne 

proportionality  constant  between  the  damping  energy  dissipate^  and 
the  square  of  the  displacement  amplitude  (see  Equation  3.8),  -gore 
8  indicates  directly  the  reduction  in  damping  at  a  specified  s- 
placement  from  that  for  the  rigid-band  theory  as  B  is  increa  i. 

At  a  value  B  ■  1  the  effective  loss  modulus  is  about  half  of  hat 
predicted  by  rigid-band  theory,  and  at  B  -  5  the  reduction  to 
about  1%  of  the  rigid- band  value.  The  physical  reason  for  nis  may 
be  seen  from  Figure  6;  under  a  specified  displacement  the  v  :  ccctive 
(rms)  strain  distribution  is  smaller  and  thus  the  damping  i,  smaller. 

In  contrast  with  the  reduction  observed  in  the  dimen  ionless 
loss  modulus  with  increasing  parameter  B,  the  .damping  energy  dissi¬ 
pated  at  a  specified  force  amplitude  may  increase  significantly  with 
B  as  shown  in  Figure  9.  This  increase  is  associated  witr-  the  high 
strain  amplification  at  the  ends  of  the  bands  (see  Figur  6c),  and 
a  similar  trend  was  illustrated  in  Figure  5. 

Finally,  the  loss  coefficient  tk  of  the  configure .  m,  made 
dimensionless  by  dividing  by  the  loss  coefficient  n .  .  for  the  rigid- 

band  configuration,  decreases  with  increasing  values  "  parameter  B 
as  shown  in  Figure  10. 

Figures  7  through  10  show  that  significant  difi  ;  nces  are  ob¬ 
served  between  the  properties  of  the  rigid- band  configuration  and 
those  having  flexible  bands  in  the  range  of  engineering  interest. 

The  combinations  of  material  properties  and  configuration  geometry 
which  characterize  practical  treatments  cover  the  range  of  B  from 
0.1  to  probably  over  100.  The  figures  show  that  in  this  range  many 
of  the  important  dimensionless  properties  vary  up  to  over  two  orders 
of  magnitude . 


IV.  PROPERTIES  OF  THE  MULTIPLE- BAND  CONFIGURATION  IN 
TERMS  OF  kj  -  kj  +  i  k'j  OF  THE  TYPICAL  BAND- ADHESIVE  UNIT 


The  properties  of  the  configuration  may  be  expressed  in  two 

One  approach  is  in  termc  of  its  overall  complex  modulus  k*  *»  k'+  i  k" 

c  c  c 

the  second  method  is  to  determine  the  equivalent  complex  modulus 
E*  *  E^  +  i  Eg  for  a  volume  equal  to  that  of  the  entire  configuration 

These  two  approaches  are  reviewed  in  this  Chapter. 
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4.1  Properties  in  Terms  of  k*  -  kj,  +  i  k”. 

4.1a  Uniformly  Strained  Configurations. 

If  the  member  to  which  the  configuration  is  attached  is  sub¬ 
jected  to  pure  axial  strain  or  if  the  configuration  is  very  thin 
compared  to  the  member,  then  the  extension  Xj  is  the  same  for  each 

band-adhesive  unit  (X^  -  Xn  in  Figure  11) .  The  properties  of  the  en¬ 
tire  configuration  may,  in  general,  be  determined  from  the  properties 
of  the  band-adhesive  units  by  a  simple  summation  process.  Thus: 


(4.1) 


However,  in  the  actual  damping  configuration  considered  all  band- 
adhesive  units  are  reasonably  constant  in  geometry  and  properties. 
Under  these  circumstances  kj^  “  k:jr  »  k^+^  “  ^f+2’  etc‘  an°  ^j-l  ”  D 

etc.  Thus,  k*  and  D*  may  be  considered  to  be  the  properties  of  t 
typical  band-idhesive  unit.  Bands  and  adhesives  near  the  member  rr- 
face  or  near  the  free  surface  of  the  configuration  will  have  somewhat 
different  stress  and  strain  distributions  than  those  near  the  middle 
(typical)  ones.  However,  the  configuration  is  assumed  to  have  many 
bands,  therefore,  the  atypical  character  of  the  few  surface  bands  is 
generally  not  significant. 

For  cases  where  analysis  in  of  the  typical  band-adhesive 

unit  (see  Figure  3b)  is  appropriate  each  band  has  a  force  2Pj  and  a 

displacement  X  j .  Since  n/2  bands  are  attached  to  each  side  (see 

Figure  3a),  Equations  (4.1)  reduce  f. 


&  Idf) 


n  k* 


k*  -  n  k’ 
c  j 


(4.2) 


k"  -  n  k'j 

Expressed  in  terms  of  damping  energy  the  properties  of  the  con¬ 
figuration  are: 


D  “  tt  k"  X?  -  tt  n  k\’  X2 
c  c  a  j  a 


(4.3) 
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The  resultant  force  on  the  configuration  is  located  at  the  middle 
band  (in  Figure  11,  g  -  d/2). 

4.1b  Non-Uniformly  Strained  Configurations. 

I'i.  the  surface  treatment  is  not  thin  compared  to  the  member  to 
which  ic  is  attached,  the  bands  are  generally  subjected  to  different 
strains  (see  example  of  flexure  illustrated  in  Figures  2b  and  11) .  In 
this  case  Equations  (4.2)  are  not  appropriate.  The  equations  for  the 
"thick"  treatment  case,  considering  the  non-uniform  strain  distribu¬ 
tion,  are  derived  below. 

A  thick  treatment  is  shown  attached  to  a  o^pr  •* n  Figure  ii.  The 
minimum  total  <,ti-ein  Xj.  cxi Lla  at  band  1  (located  at  the  bear  surface) 

and  the  maximum  is  XR  located  at  the  outermost  band.  The  distribution 

of  forces  P.  in  the  band-adhesive  units  and  the  resultant  P  of  these 
J  c 

forces  are  shown  in  Figure  11.  Assuming  a  large  number  of  bands*  and 

assuming  the  band  numbering  shown  in  Figures  2  and  3: 

Pc  -  2PX  +  2? 3  +  2P5  +  —  +  2Pn 


Considering  all  band-adhesive  units  are  identical: 
Pc  ■  2kj  [X1  +  X3  +  X5  +  —  +  xn  ] 

- Ci  p^-)]  -  (?)  k;  *i  (i*  - 1) 


(4.4) 


The  location  of  this  resultant  force,  as  given  by  distance  g  from  the 
surface  of  the  beam  (see  Figure  11),  is: 


The  strain  Xc  at  this  location  is: 


(4.6) 


If  n  Is  small,  then  consideration  must  be  given  to  whether  n  is 
ever,  or  odd.  To  simplify  the  derivations  eiven  below  n  is  assumed  to 
be  odd. 
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The  elastic  constant  k^,  of  the  treatment  may  now  be  defined  in  terms 
of  ths  ratio  of  the  total  (or  resultant)  force  F  in  the  treatment  to 
the  displacement  Xc  at  the  location  of  the  resultant  forces.  Thus: 


\  _  n 


(4.7) 


The  effects  of  the  surface  addition  on  the  stiffness  of  the 
beams  can  be  determined  by  assuming  a  spring  constant  given  by 

Equation  (4.7)  located  at  a  distance  "g”  (Equation  4.5)  from  the  beam 
surface  and  attached  at  points  p  and  q  a  distance  ML"  apart.  Dis¬ 
tance  "L"  is  greater  than  "-t"  by  a  distance  governed  by  the  geometry 

of  the  attachment  ends  (see  Figure  11) . 

* 

The  loss  modulus  k”  for  the  entire  configuration  can  be  deter¬ 
mined  from  the  damping  energy  dissipated  by  the  surface  treatment. 

The  total  damping  is  the  sum  of  that  contributed  by  all  n  units,  thus 


(4.8) 


If  the  typical  unit  approach  is  appropriate,  then  from  Equation  (3.5) 


n  kT  (x|  +  Xj  ■ 

r*  xf 

n  n  kj  hr*.  ' 


+  x3  +  —  +  xn> 


(4.9) 


tt  n  k'.'  xi„e 
3  rms 


where  Xrms  *  " root-mean- square"  displacement 
-  X1  +  0.707  (Xn  -  xp 


(4.10) 


If  the  loss  modulus  k"  of  the  entire  configuration  is  defined  in  terms 
of  the  root-mean- square  displacement  as  given  by  Equation  (4.10),  then: 


D  -  tt  k"  xi^ 
c  c  rms 


(4.11) 
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From  Equations  (4.9)  and  (4.11) 


i.ii  _  „  ir»* 

«  J 


(4.12) 


4.?  Configuration  Properties  in  Terms  of  Its  Equivalent  Complex  Modu¬ 


li  E* 


El  +  i  E1' . 
e  e 


In  many  cases  the  surface  strain  in  the  member  is  reasonably  uni¬ 
form  over  the  length  where  the  surface  treatment  is  attached  (vibration 
wave  length  much  larger  than  the  treatment  length) .  To  analyze  such 
cases  it  is  often  convenient  to  consider  the  effects  of  a  configuration 
added  to  a  surface  of  a  member  in  terms  of  (or  by  replacing  it  by)  a 
homogeneous  material  having  (a)  the  same  cross-sectional  area  and 
length  L,  and  (b)  attached  to  the  member  over  distance  "L"  (see  Figure 
11) .  The  effects  of  the  treatment  can  then  be  Considered  in  terms  of 
the  equivalent  moduli  and  such  that  the  homogeneous  equivalent 

material  has  the  same  overall  stiffness  and  damping  properties  as  the 
configuration.  The  values  of  E^  and  E”  for  the  equivalent  homogeneous 

material  are  derived  next. 

The  overall  elastic  constant  k^  of  the  homogeneous  material  (see 

Equation  4.2)  having  the  same  volume  and  attached  at  points  p  and  q 
(distance  L  apart)  as  the  configuration  is: 


kc  -  K  (“)-  11  kj 

Thus:  E^  ■  n  kj  (L/bd)  -  kj  (L/bh) 

where:  h  =  total  thickness  cf  band-adhesive  unit  *  m  +  t. 


(4.13) 


The  loss  modulus  Eg  of  the  equivalent  homogeneous  material  must 
be  such  that  the  same  energy  dissipation  as  the  configuration.  Since 
D  tt  E"  e2  (see  Equation  3.3)  and  from  Equation  (4.3), 

D_  -  tt  e"  c'2  (bdL)  -  tt  n  kV  X? 
c  L  e  J  J 

but  z  -  Xj/L,  thus: 

Eg  *■  n  k»  .(L/bd)  -  k '!  (L/bh)  (4.14) 

The  equivalent  loss  coefficient  is: 

K  *■'{ 

=  H  (4.15) 
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V.  TEST  CONFIGURATION,  EXPERIMENTAL  RESULTS 
AND  COMPARISON  WITH  THEORY 


5.1  Description  of  Multiple-Band  Configuration  Used  in  Test  Program 

and  Its  Predicted  Properties. 

The  test  configuration  used  in  the  experimental  verification  pro¬ 
gram  is  shown  in  Figure  12.  For  clarification  the  vertical  scale  is 
about  50  times  larger  than  the  horizontal  scale.  The  total  thickness 
of  the  configuration  is  only  0.04"  as  compared  with  its  overall  length 

of  6  inches.  Bands  were  steel,  for  which  E  *  30  x  10^.  For  the  adhe¬ 
sive  used  for  the  damping  layer  (No.  466  manufactured  by  Minnesota 
Mining  and  Manufacturing  Co.),  G'  *  15.5  psi  and  G"  ■  13.2  psi  at  the 
frequency  of  0.78  cps  and  at  room  temperature  used  in  the  test  program. 

■  The  main  bands  in  the  configuration  are  identified  as  1  through  5, 
and  the  damping  adhesive  is  shown  by  the  shaded  layers  between  the 
bands.  The  configuration  was  assembled  by  progressively  building  up 
layer  upon  layer  by  applying  the  damping  adhesive  as  illustrated  and 
structural  adhesive  (Scotch  Weld  EC  2158  manufactured  by  Minnesota  Min¬ 
ing  and  Manufacturing  Co.)  at  interfaces  f.  To  simplify  construction 
bands  having  constant  cross-section  are  used  and  spacer  sheets  inserted 
between  bands  as  shown  to  produce  the  desired  geometry.  After  the 
configuration  is  assembled,  it  may  be  attached  to  the  member  surface 
using  structural  adhesives  at.  interfaces  g-h  and  w-y  and  using  damping 
adhesive  in  the  middle  region  h-w. 

In  order  to  maximize  the  damping  of  the  configuration  per  unit 
weight  or  size,  it  is  often  necessary  to  use  thin  bands  (0.006"  thick¬ 
ness  used  in  the  test  configuration) .  At  the  same  time  it  is  necessary 
to  provide  sufficient  clearance  at  the  ends  of  the  bands  to  accommo¬ 
date  shear  strain  in  the  adhesive  without  contact  between  band  ends 
and  spaces  (see  regions  r  and  r'  in  Figure  12) .  This  leaves  a  short 
length  of  band  unsupported  by  the  adhesive  and  buckling  may  require 
consideration  in  some  cases.  One  approach  for  minimizing  the  possi¬ 
bility  of  buckling  is  through  careful  geometry  control.  Generally 
only  a  few  thousandths  of  an  inch  is  required  for  clearance  for  adhe¬ 
sive  shear  motions,  and  thus  the  minimum  unsupported  length  of  band 
is  generally  smaller  than  the  band  thickness.  Thus,  with  careful 
dimension  control,  buckling  possibilities  can  be  minimized.  Another 
approach  is  to  stagger  the  unsupported  section  of  alternate  bands  as 
shown  by  the  displacement  between  r  and  r’,  so  that  each  band  is  sup¬ 
ported  by  adhesive  on  at  least  one  side  over  its  entire  length. 

Another  approach  for  minimizing  buckling  and  maximizing  damping 
is  to  utilize  bands  which  taper  towards  their  free  end  within  a  con¬ 
figuration  (constant  stress  member  approach) .  The  use  of  tapered  bands 
also  allows  including  more  bands  per  given  space  for  a  given  band  stiff¬ 
ness.  Theoretical  and  experimental  studies  on  tapered  bands  are  now 
in  progress. 
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Of  the  several  possibilities  the  staggered  gap  approach  was  used 
in  the  test  configuration  investigated  in  this  program. 

To  simplify  the  analysis  of  the  test  configuration,  only  four 
active  damping  adhesive  layers  were  considered  (between  bands  1  and 
2,  2  and  3,  3  and  4,  and  4  and  5).  The  damping  adhesive  between  band 
1  and  die  member  surface  is  also  subjected  to  cyclic  shear,  but  the 
magnitude  is  much  smaller  than  in  the  active  bands;  therefore,  it  was 
not  considered  in  the  analysl s  (estimated  energy  dissipated  by  the 
damping  layer  between  band  1  and  the  member  surface  is  about  107.,  of 
that  in  the  active  damping  adhesive  layer). 

Even  though  the  test  configuration  has  very  few  bands,  and  the 
length  of  each  band  is  somewhat  different,  nevertheless  the  typical 
band-adhesive  unit  approach  discussed  in  Section  3.3  was  used  in  pre¬ 
dicting  the  properties  of  the  test  configuration.  The  properties  kj 

and  kj  of  the  typical  band-adhesive  unit  for  the  particular  values  of 

material  and  geometry  properties  for  the  test  configuration  are  shown 
in  Figure  13  as  a  function  of  length  t  of  configuration.  The  rigid- 
band  theory  and  the  rigid-adhesive  theory  are  shown  as  straight  lines 
in  Figure  13,  and  these  correspond  to  similar  straight  lines  shown  in 
Figure  7  for  the  more  general  curves.  The  experimental  pointfc  in- 
‘  eluded  in  Figure  13  are  discussed  later. 

As  mentioned  previously,  the  concept  of  an  equivalent  storage 
modulus,  loss  modulus  and  loss  coefficient  of  a  uniform  homogeneous 
material  provides  a  useful  practical  approach  for  analyzing  the  ef¬ 
fect  of  the  surface  treatment.  Theoretical  values  for  these  equiva¬ 
lent  properties  are  shown  in  Figure  14.  These  values  are  based  on 
the  assumption  that  the  end-connections  of  the  configuration  are  such 
that  the  anchor  length  L  (see  Figure  11)  is  1  inch  longer  than  the  ad¬ 
hesive  length  1.  These  theoretical  curves  show  that  the  maximum  value 
of  (at  an  optimal  length  t  of  about  3")  is  very  high  indeed,  appro¬ 
ximately  4,000,000  psi.  This  is  one  or  two  orders  of  magnitude  higher 
than  currently  available  homogeneous  viscoelastic  materials.  At  the 
same  time  the  storage  modulus  is  also  very  high,  over  10&  psi  in 

the  region  of  engineering  interest. 

5.2  Test  Procedure,  Vibration  Decay  Results,  and  Observed  Values  of 

Moduli  and  kj. 

A  vibration  decay  method  was  used  to  determine  experimentally 
the  damping  properties  of  the  configuration.  Measurements  for  de¬ 
termining  the  storage  modulus  kj  of  the  configuration  were  not  made. 

The  test  beam  to  which  the  multiple-band  configuration  is  at¬ 
tached  arid  the  test  apparatus  are  shown  in  Figure  15.  A  tapered 
beam  was  used  so  that  under  the  moment  distribution  imposed  during 
the  vibration  test  the  surface  strain  is  uniform  over  the  region  to 
which  the  configuration  is  attached.  An  extension  arm  and  weight  are 
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attached  to  the  beam  and  the  whole  assembly  mounted  vertically.  To 
perform  a  test  the  mass  at  the  lower  end  of  the  lower  beam  is  dis¬ 
placed  and  released.  Measurements  on  amplitude  of  vibration  are  then 
made  as  a  function  of  time  during  decay  (natural  frequency  of  vibra¬ 
tion  is  about  0.78  cycles  per  second) . 

The  decay  test  results  are  shown  in  Figure  16  in  terms  of  dimen¬ 
sionless  amplitude,  the  ratio  of  the  amplitude  at  any  number  of  cycles 
divided  by  that  amplitude  associated  with  zero  cycles.  As  shown  in 
Figure  16  the  decay  process  is  linear;  thus,  the  particular  amplitude 
associated  with  the  zero  cycle  is  immaterial. 

Two  different  lengths  were  used  for  the  test  configurations.  By 
stripping  off  layers  the  number  of  band-adhesive  units  tested  was 
four,  two,  and  one. 

The  effectiveness  of  the  surface  treatment  is  apparent  from 
Figure  16.  The  test  system  used  stores  considerable  strain  and  po¬ 
tential  energy  during  displacement.  The  test  beam  is  3/16"  thick, 

1.6"  wide,  and  7M  long:  thus,  it  is  capable  of  storing  considerable 
strain  energy.  In  addition,  the  extension  arm  and  attached  weight 
behave  like  a  pendulum  (see  Figure  19)  and  the  potential  energy  asso¬ 
ciated  with  the  elevation  of  its  center  of  gravity  is  approximately 
80%  .of  the  strain  energy  stored  in  the  beam.  Nevertheless,  the  sur¬ 
face  treatment  produced  the  very  large  increase  in  decay  rate  observed 
in  Figure  16.  If  a  thinner  test  beam  or  a  lighter  pendulum  were  used, 
the  change  In  logarithmic  decrement  caused  by  the  surface  treatment 
would  be  even  more  dramatic;  and  if  thicker  beams  were  used,  a  smaller 
change  in  log  decrement  would  be  observed. 

These  methods  were  used  to  compare  the  experimental  results  with 
the  values  predicted  by  the  theory  developed  in  the  previous  sections. 

First,  the  log  decrement  data  shown  in  Figure  16  was  converted 
to  values  of  the  loss  modulus  using  the  analytical  methods  detailed  in 
Appendix  A.  -This  led  to  the  values  for  kj  shovai  as  the  three  points 

in  Figure  13.  The  experimental  points  fall  within  about  15%  of  the 
theoretical  curve.  Considering  variability  in  properties  and  other 
test  uncertainties,  thi*1!  check  is  considered  excellent.  Tests  were 
also  performed  on  a  single  band  unit  having  a  l  -  2,  and  this  point 
(not  shown  in  Figure  13)  fell  33%  above  the  theoretical  curve.  How¬ 
ever,  as  mentioned  previously,  the  computation  did  not  include  the 
damping  energy  dissipated  in  the  damping  layer  between  band  1  and  the 
beam  surface  (see  Figure  12).  Furthermore,  the  atypical  character  of 
the  end  bands  was  not  considered.  These  factors,  if  considered,  would 
bring  the  theory  and  experiment's!  results  even  close  . 

In  the  second  method  used  the  equivalent  loss  modulus  E”  (see 

Section  4.2)  was  computed  and  used  to  determine  the  overall  loss  coef¬ 
ficient  t|g  of  the  experimental  system.  The  values  predicted  by  this 


18 


theory  are  shown  in  Table  I,  Column  (b) .  These  compare  favorably 
with  the  experimental  values  for  n  shown  in  Table  I,  Column  (a). 

These  experimental  values  for  the  treated  beams  were  determined 
directly  from  the  data  shown  in  Figure  16,  subtracting  in  each 

case  the  damping  not  due  to  the  treatment  (that  caused  by  the  beam, 
grip  and  machine  losses)  as  represented  by  the  ”no  treatment”  curve 
on  Figure  16 . 

The  methods  discussed  above  utilize  the  concept  of  a  typical 
band.  However,  each  band  in  the  test  configuration  had  a  somewhat 
different  length  i.  To  avoid  this  approximation  a  third  method  was 
used  to  make  layer- to- layer  summation  (using  equations  of  type  3.1). 
Approximate  summation  methods  considering  the  actual  length  of  each 
adhesive  layer  and  the  band  geometry  factors  on  each  side  of  the  ad¬ 
hesive  layer  (band  location  and  position  factors,  particularly  with 
reference  to  the  outer  bands).  Theoretical  values  of  n  so  deter- 

mined  are  given  in  Table  I,  Column  (c) .  Although  this  method  leads 
to  an  improved  check  with  theory,  it  is  more  awkward  and  time-consum¬ 
ing  to  use  than  the  theories  associated  with  the  typical  unit  band 
concept. 

All  three  methods  confirm  the  validity  of  the  theory,  at  least 
in  the  range  of  measurements.  Additional  tests  are  planned  to  com¬ 
pare  theory  and  experiment  for  lengths  remote  from  the  optimum  length 
for  maximum  loss  modulus. 


VI.  COMPARISONS  WITH  CONVENTIONAL  FREE 
AND  CONSTRAINED  LAYER  TREATMENTS 


Many  factors  must  be  considered  in  comparing  the  effectiveness 
of  the  new  configurations  and  treatments  with  conventional  damping 
treatments.  Beyond  its  damping  capacity  the  weight,  cost,  ease  of 
use,  and  durability  of  treatment  must  be  considered.  However,  in  many 
applications  a  comparison  on  the  basis  of  equal  weight  of  surface  treat¬ 
ment  is  appropriate.  Kerwin  and  Ungar  (2,5)  have  used  this  type  of 
comparison.  Different  types  of  treatments  are  rated  in  Figure  17  in 
terms  of  the  maximum  loss  coefficient  versus  the  ratio  of  the  treat¬ 
ment  related  to  the  weight  of  the  base  plate.  The  comparisons  between 
the  free  layer*  and  the  constrained  layer  treatment  (curves  a  and  b) 
are  taken  from  references  2  and  5.  The  uppermost  curve  shown  as  "c" 
in  this  Figure  indicates  the  possibility  offered  by  the  new  alter¬ 
nately  anchored  multiple- band  treatment.  Curves  c  were  constructed 

^  The  values  of  6"  used  in  Figure  17  for  comparison  purposes  are 
identified  as  typical  values  (5).  However,  free  layer  materials  re¬ 
cently  described  have  higher  values  of  E".  For  example,  material 
LD-400  manufactured  by  Lord' Mfg  Co.  has  an  E"  higher  than  100,000  psi, 
and  for  this  value  the  free -layer  curve  would  lie  in  the  vicinity  of 
the  conventional  layer  curves  (b)  in  Figure  17. 
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directly  from  the  free- layer  curves  (a)  by  considering  loss  moduli 
and  specific  gravity  P  ratios.  The  particular  multiple-band  treat¬ 
ment  represented  in  this  Figure  is  not  necessarily  the  maximum  value 
attainable;  it  is  merely  the  maximum  value  for  rather  arbitrarily  se 
lected  band  and  adhesive  thicknesses  and  other  geometry  features. 
Nevertheless,  the  new  configuration  when  compared  on  this  basis  is 
approximately  an  order  of  magnitude  more  effective  than  conventional 
treatments  for  treatment  weights  less  than  10%  of  the  plate  weight. 


To  indicate  the  effectiveness  of  the  new  treatment  as  compared 
with  conventional  treatments  the  loss  coefficient  of  the  actual  test 
beam  with  conventional  damping  tapes  was  computed.  Assuming  that  an 
infinite  number  of  conventional  damping  tapes  are  applied  to  the  test 
beam  (and  approximating  its  effect  to  be  equivalent  to  one  band  having 
®3t3  *  *  w^t^1  a  single  adhesive  layer  (2)  ),  and  assuming  negligible 

shift  in  the  neutral  axis: 


*  .  x  h  „  ^e 

♦x  p  1  ~W 


(6.1) 


The  damping  energy  dissipated  by  the  damping  tape  is: 


-xhyfi 

.Wm 


j2  m 


b  dx 


tt  G"  b  h2^3y2 


(6.2) 


Using  the  methods  detailed  in  Appendix  A,  the  following  comparisons 
can  be  made. 


For  l  -  2". 

Conventional  tape  with  n  =  ”,  n  =  0.00033 

O 

New  configuration  with  n  «=  4,  ti  =  0.031 

b 

New  configuration  with  n  -  10,  fi  **  0.0873 

s 

For  -t  ■  4”. 

Conventional  tape  with  n . -  ”,  hg  *  0.0026 
New  configuration  with  n  =  2,  U  «  0.028 

S 

New  configuration  with  n  »  10,  U  =  0.0868. 


VII.  CONCLUSIONS 


The  theory  developed  for  the  alternately  anchored  multiple-band 
surface  treatment ; provides  a  convenient  method  for  predicting  its 
stiffness  and  damping  properties .  These  may  be  represented  in  terms 

•  ■».  •*  '•/  t  J  't  '  ’  ■'  •' 

'  : . .  •  Vi’j  /  -i  ‘  •  ■  ■  ■ 
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of  two  types  of  units:  -  (a)  the  storage  modulus  k^,  loss  modulus 

k^  and  loss  coefficient  tj  of  the  configuration,  or  (b)  the  equivalent 

storage  modulus  Eg  and  the  loss  modulus  E1^,  and  loss  coefficient  tle 

of  a  uniform  material  having  the  same  volume  and  anchorage  points. 

The  second  type  of  unit  provides  a  particularly  useful  .Tay  for  pre¬ 
dicting  the  effects  of  adding  a  surface  addition  to  members. 

The  experimental  results  on  several  test  configurations  provide 
a  good  check  for  the  theory. 

Both  ♦‘he  theoretical  and  experinrntal  results  indicate  that  this 
new  configuration  is  capable  of  dissipating  very  large  damping  energy. 
Very  large  equivalent  loss  moduli  Eg  can  be  realized  (the  values  for 

the  test  configurations  were  about  4  x  1G^  psi) .  Illustrations  in¬ 
cluded  in  the  paper  indicate  that  for  many  conditions  of  engineering 
interest  the  new  configuration  is  capable  of  dissipating  significantly 
more  energy  than  conventional  free  or  constrained  layer  treatments. 
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APPENDIX  A 


REDUCTION  OF  At  TEST  DATA  FOR  hc  AND  ki' 


A.l  Values  of  Storage  and  Loss  Moduli. 


The  moduli  for  the  test  configuration  (see  Figure  12)  may  be 
calculated  from  Equations  (3.3])  and  (3.32)  by  inserting  the  follow¬ 


ing  values  for  the  configuration  used  in  the  test  program:  = 
m  -  0.002",  t  -  0.006",  G*  =  15.5,  G"  «  13.2  and  E  -  3  x  10'  lbs/ 


m 

For  t 
For  -t 


in 


2',  this  leads  to  values  of  kl  =  1.39  x  10 


4",  k' 


1.87  x  10 
A. 2  Estimation  of  the  Anchor  Lenr 


and  kV» 


J  3 

6.30  x  HT, 


and  kV 


-  8.52  x  10- 


Length  L  is  the  distance  betwee:  _ne  two  points  p  and  g  of  ef¬ 
fective  anchorage  (see  Figure  11) .  For  the  configuration  having 
l  =  2"  each  end  rigidly  adhered  to  the  member  is  2"  long  (overall 
length  of  configuration  is  6") .  If  the  2"  anchored  ends  behave  like 
an  integral  part  of  the  structural  member  (and  planes  perpendicular 
to  the  neutral  axis  remain  planes) ,  the  points  to  which  the  bands  are 
effectively  anchored  are  located  at  points  h  and  w  in  Figure  12.  In 
this  case  L  equals  2".  If  instead  the  bands  in  the  anchored  rigid 
are  assumed  to  be  rigid  (and  shear  strain  is  allowed  to  occur  in  the 
structural  adhesive),  the  effective  anchor  points  p  and  q  are  located 
midway  between  end  points  g  and  h  and  points  w  and  y,  respectively. 
Under  these  circumstances  L  equals  4".  Actual  measurements  indicate 
that  the  effective  length  L  is  some  distance  between  these  two  ex¬ 
tremes,  actually  about  3". 

For  the  configuration  having  4  =  4",  the  anchor  length  L  lies 
between  4"  and  5",  and  actual  measurements  indicate  that  L  is  4.5. 

Substituting  these  values  of  Lin  Equations  (4.12)  and  (4.13) 
the  values  for  EY  and  E"  for  each  configuration  may  be  calculated, 

and  these  are  tabulated  in  Table  II. 


A. 3  Stored  Energy  U  in  System, 

The  total  stored  energy  U  in  the  testing  system  is 

o 

us  -  ub  +  Uc  +  UP  (A-« 

where : 

Ub  =  strain  energy  in  the  test  beam. 

Uc  “  strain  energy  in  the  treatment  attached  to  the  beam. 

V  “  potential  energy  in  the  pendulum 
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These  energies  are  expressed  below  in  terms  of  y  ,  the  deflection  of 
the  lower  end  of  the  test  beam  as  shown  in  Figure  19. 

Strain  Energy  in  Beam  Test. 

The  beam  shown  in  Figure  15  is  idealized  to  that  shown  in 
Figure  18  foi  the  purposes  of  this  calculation.  Since  the  beam  is 
alumirum  EQ  ■  12.  x  10°  lbs/in^.  Referring  to  Figures  18  and  19,  the 

a 

foU  ng  can  be  defined. 

_,e  'eflection  of  the  end  of  the  test  beam  (at  x  *  7”)  . 

p  ■  radius  of  curvature  of  the  neutral  axis 
-  24.5/ye. 

y  ■  depth  of  the  neutral  plane  from  the  surface  of  the 
beam  to  which  the  treatment  is  attached. 

« 

Since  the  aluminum  beam  is  tapered,  the  location  of  the  neutral 
axis  varies  with  position  along  the  x  axis  of  the  beam.  However,  to 
simplify  calculation  the  position  of  the  neutral  axis  is  assumed  con¬ 
stant  and  equal  to  that  for  an  aluminum  beam  having  a  constant  width 
of  1.58".  For  a  treatment  1  inches  wide  and  d  inches  thick,  and  con¬ 
sidering  equilibrium  (moments  of  stress  about  the  neutral  axis  must 
be  zero),  the  following  equation  follows: 


(»187-y„a) 

r^na 

^na+d) 

J  yJy 

*  1.58  E  J 

ydy  + 

J  ydy 

y=o 

y=o 

y=yna 

.0555E  - 

r  -  .  :  a 

d2E; 

-na  .592  1“  + 
a 

"ZaET 

e 

(A.  2) 


Considering  this  shift  in  the  neutral  axis  the  strain  energy  in 
the  test  beam  is: 


Ub“J  (7  V2>dv  ■  J  4  Ea -S  dv  “  A  I  I 


Ea  -X"7  ry  >na  z-i-.O&x 

-=7  I  J  y/dzdydx 

2  P  x=o  y=(y  - . 187)  z=  -(l-.Q6x) 


y2  E 
Je  a 


-6  a  7  J  J  na  2y2  (1  -  .06x)  dydx 

2(24. 5)2  £=0  y=(yna-.187) 
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y2  e 


(24.5)' 


£,3  Ka  -  <yna--1875>3] 


.0030  EQ (. 562 

a  J  na 


105  ^na  +  -0066)  ye 


(A- 3) 


Strain  Energy  Uc  in  Configuration. 

The  treatment  is  regarded  as  a  homogeneous  material  with  proper¬ 
ties  E'  and  E'^  of  length  L,  breadth  b,  and  height  d  extending  from 

v  to  (v  +  d)  above  the  neutral  axis.  Its  strain  energy  is: 

7na  VJna  * 


Uc  -  J  A  E;=2d(vol)  -  r  K 

vol 


e  4 1  i<yna+d)  i0 

p  x=o  y=y  z-o 


y“dxdydz 


Integrating  and  substituting  for  P: 


E^bLd 


6(24.5)' 


+  3ynad  +  d2)ye 


(A-4) 


Potential  Energy  U  in  Pendulum. 


Figure  19  shows  a  schematic  diagram  of  the  pendulum  in  its  de¬ 
flected  position.  The  energy  associated  with  the  pendulum  effect  is 
equal  to  the  mass  Mp  of  the  pendulum  multiplied  by  the  change  in  height 

of  center  of  mass  of  the  pendulum  during  the  oscillation.  Thus, 


Up  ”  Mp  2  =  Mp  £h  +  r  (1  “  cos  9)  J 


Assuming  for  small  angles  tan  8  « «  6 ,  and  the  elevation  of  the 
center  of  mass  is: 


/ 

h  =  7  -  J  cos  O^)  dsc 


where 

.dvv  ,  1  /dvx  2  dv2  _  1  dv  =  x 

cos  (^)  «  1  -  1  (^)  >  '^T  "7’  and  35  P 
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7 

h  -  7  -  J  (1  -  ■£  (f)2)  dx 


Up-  37.85  y\  (A-5) 

Results . 

The  values  of  U,  ,  U  ,  U  and  for  the  different  treatment  con- 
b*  c *  p  na 

figurations,  calculated  using  the  above  equations,  are  taouiated  in 
Table  II. 

A. 4  Damping  Properties  of  the  Configuration  and  the  System. 


The  energy  dissipation  in  the  treatment  is: 


r  o 

E" 

kV 

Dc  -  j  "  %  d(vol) 

«  2tt 

T"  Uc  "  2TT 

Tcf  U= 

(A- 6) 

vol 

e 

3 

■  ■  ■  ■ 

UQ 

Therefore,  (kj)exp<  =  kj 

s 

^s^exp . 

(A- 7) 

The  experimentally  determined  values  of  rjg  are  tabulated  in 

Table  I.  The  values  of  k'i  calculated  from  the  experimental  results 
are  plotted  in  Figure  13. J 


TABLE  I 


COMPARISON  BETWEEN  VALUES  OF  THE  LOSS  COEFFICIENT  OF  THE 

TEST  CONFIGURATION:  -  (a)  VALUES  OBSERVED  EXPERIMENTALLY  AND 
(b  and  c)  VALUE  PREDICTED  BY  THE  THEORY 


Test 

Configuration 


ay 


Values  of:  “H 


1  Values  Predicted  by  Theory 

b)  Using  E” 
Approach 

1  1 

0.031 

0.031 

0.031 

0.017 

0.014 

0.014 

0.010 

0.007 

0.028 

0.021 

0.027 

TABLE  II 

MEASURED  AND  CALCULATED  VALUES  FOR  THE 
TEST  CONFIGURATION  AND  SYSTEM 


Config¬ 

uration 

E'e 

Ee 

yna 

ub 

u_ 

ur 

Dr 

n 

Ila 

P 

c 

c 

C 

2  4 

4.19 

2.55 

.090 

59.2 

37.8 

5.1 

19.8 

.0308 

2  2 

3.49 

2.13 

.091 

59.1 

37.8 

2.2 

8.6 

.0138 

2  1 

2.62 

1.60 

.092 

59.0 

37.8 

1.0 

4.1 

.0066 

4  2 

7.02 

2.36 

.089 

59.5 

37.8 

6.4 

13.6 

.0210 

Multiply  by 
106 

Multiply  by 

n 

STRUCTURAL  MEMBER 


(a)  UNSTRAINED  CONDITION 


(b)  STRAINED  CONDITION 


J 


shsar  strain 


Figure  1  Conventional  Damping  Tape  Treatment. 

Multiple  Band  (4  Layer)  Configuration 


Figure  2  Alternately  Anchored  Multiple- Band  Treatment 
Configuration  Having  5+  Layers. 


(a)  TYPICAL  GROUP  OF  BANDS 
AND  ADHESIVES 


(b)  BAND-ADHESIVE  UNIT 


-  Band  j  +  3 
-Adhesive  j  +  3 
■  Band  j  +  2 
-Adhesive  j  +  2 
-Band  j  +  1 
-Adhesive  j  +  1 

-  Band  j 
-Adhesive  j 
“Band  j  -  1 
-Adhesive  j  -  1 
-Band  j  -  2 

Total  number  of 
adhesive  layers  =  n 
Total  number  of 
bands  =  n 
Bands  attached  to 
each  side  *  n/2 


m  i-t/2 


Figure  3  Definition  of  the  Band-Adhesive  Unit. 
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Figure  5  Comparison  Between  Theoretical  Curve  and  Experimental  Data 
for  Double  Band-Adhesive  Unit  Having  W  =*  1 . 


Dashed  Line  •%/rrbf  ( based  on  specified  force  amplitude) 

Dash -Dot  Line  *'fc/W^rbd  (based  on  specified  displacement  amplitude) 


Figure  6  Effects  of  Parameter  B  on  Shear  Distribution  in  Adhesive  for  Equal  Band 
Case  (W2  =  2).  h  -  0.4  and  G  =7. 


Line  c  —  d  Indicates  the 

Rigid  Adhesive  Region. 


1.0 

B  *  1<S?.  I  G*1  /  Etm 
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Figure  9  Effect  of  Parameter  B  on  Dimensionless  Damping 
Energy  at  a  Specified  Force  Amplitude. 
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Dimensionless  Loss  Coefficient 
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Figure  10  Effect  of  Parameter  B  on  Dimensionless  Loss 
Coefficient . 
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Thick  Treatment  Geometry  and  Displacement 
Distribution  Under  Flexure. 


30000 
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Figure  13  Theoretical  Curves  for  Storage  and  Loss  Modulus  of  Test  Conrigura 
tion  as  a  Function  of  Length  Points  Show  Experimental  Values. 


kf  (b/h)  (/♦!) 


I 


o.l  0.5  1.0  5.0  10  50  ICO  50C 

Length  of  Configuration  Z  ins. 

Figure  14  Theoretical  Curves  Showing  the  Equivalent  Stor  ige  and  Loss 

Moduli  and  the  Loss  Coefficient  of  Test  Configuration  for  L  =>  4  +  1 


Figure  15  Schematic  of  Vibration  Decay 
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Dimensionless  Amplitide 


i 

Tt 
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Figure  16  Experimental  Decay  Curves  and  Values  tor 
Logarithmic  Decrement  for  Test  Beam 

with  No  Treatment  and  Four  Types  of 
Surface  Treatments. 


LOSS  COEFFICIENT  7)%  OF  SYSTEM 


RATIO  OF  WEIGHT  OF  TREATMENT  TC 
WEIGHT  OF  STEEL  PLATE 

Figure  17  Relative  Effectiveness  of  Free  Layer, 

Constrained  Layer,  and  Alternately  Anchored 
Multiple-Band  Treatment.  Maximum  r>g  Shovn 

for  (a)  and  (b) ,  T|g  for  (c)  not  Maximized, 
(see  References  2  and  5) 
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